On-site wastewater treatment systems are commonly used in sparsely populated areas where capital-intensive centralized wastewater treatment facilities are not feasible. The primary objective of this work was to investigate vadose zone and groundwater transport of a bromide (Br) tracer and naturally occurring Escherichia coli applied to the soil surface in secondarily treated wastewater at a public rest stop in central Alberta, Canada, with seasonally fluctuating water table (between 0.2 and 1.5 m) over a 1-yr period. A transect within the wastewater application field was instrumented with 10 nests of three monitoring wells (N = 30). We found that travel times for Br and E. coli were most likely related to vadose zone thickness under wastewater application lines, with Br and E. coli initially detected in monitoring wells within 4 d at locations where the vadose zone was 0.2 to 0.4 m thick. When the vadose zone thickness increased to ≥0.9 m, however, E. coli levels in the monitoring wells decreased dramatically despite continued high surface application of E. coli. The observed travel times were consistent with those calculated assuming piston flow. Therefore, the risk of groundwater contamination from wastewater at this site is greatest during times when high wastewater applications (high facility use) and shallow water table conditions coincide. We recommend that detailed knowledge of vadose zone and groundwater hydrology be used to guide the design of on-site wastewater treatment systems and also to assess the probability of human exposure to E. coli and other pathogens that are transported to groundwater.
Abstract
On-site wastewater treatment systems are commonly used in sparsely populated areas where capital-intensive centralized wastewater treatment facilities are not feasible. The primary objective of this work was to investigate vadose zone and groundwater transport of a bromide (Br) tracer and naturally occurring Escherichia coli applied to the soil surface in secondarily treated wastewater at a public rest stop in central Alberta, Canada, with seasonally fluctuating water table (between 0.2 and 1.5 m) over a 1-yr period. A transect within the wastewater application field was instrumented with 10 nests of three monitoring wells (N = 30). We found that travel times for Br and E. coli were most likely related to vadose zone thickness under wastewater application lines, with Br and E. coli initially detected in monitoring wells within 4 d at locations where the vadose zone was 0.2 to 0.4 m thick. When the vadose zone thickness increased to ≥0.9 m, however, E. coli levels in the monitoring wells decreased dramatically despite continued high surface application of E. coli. The observed travel times were consistent with those calculated assuming piston flow. Therefore, the risk of groundwater contamination from wastewater at this site is greatest during times when high wastewater applications (high facility use) and shallow water table conditions coincide. We recommend that detailed knowledge of vadose zone and groundwater hydrology be used to guide the design of on-site wastewater treatment systems and also to assess the probability of human exposure to E. coli and other pathogens that are transported to groundwater.
Wastewater Flow and Pathogen Transport from At-Grade Line Sources to Shallow Groundwater
Amanuel Oqbit Weldeyohannes,* Gary Kachanoski, and Miles Dyck* O n-site wastewater treatment systems (OWTS), commonly used in rural areas or in remote public park areas, are alternative wastewater treatment options that are serving approximately 25% of Canadian and US populations (USEPA, 1997). These systems are also used in some urban settings because of the high construction and maintenance costs of centralized wastewater treatment systems (McCray et al., 2005; McCray and Christopherson, 2008; Lowe et al., 2008; Durnie, 2008; Sen, 2011) . In the province of Alberta in western Canada, an estimated 300,000 private sewage systems are in use and increasing at a rate of approximately 7000 per year (Durnie, 2008) . However, there are issues with the increasing use of private sewage systems, notably, the availability of suitable land, increasing development density, cumulative loading, localized groundwater mounding, regulatory needs, potential system failures, and environmental contamination (Durnie, 2008) . The USEPA (2013) reported that approximately 10 to 20% of the OWTS in the United States fail each year, putting public health and the environment at risk. To increase effluent treatment efficiency in OWTS, a combination of two or more treatment methods has been proposed, such as ultraviolet (UV) wastewater disinfection combined with sand filtration (Crockett, 2007) .
A conventional OWTS has four main components: wastewater source, septic tank (pretreatment unit), infiltration gallery, and soil absorption field (McCray et al., 2005) . It is believed that most of the treatment processes take place in the soil, and yet the nature of physical flow and transport processes through the soil absorption field are poorly understood (Sen, 2011) . The use of atgrade soil-based dispersal systems is one of the alternative options being used in areas with shallow water table conditions ( Jantrania and Gross, 2006; Verma, 2008; Motz et al., 2011) . In at-grade systems, the effluent is dispersed on the ground surface via pressured and perforated pipes, a few centimeters above the ground and covered with a dome-shaped, plastic chamber and insulating materials. The advantage of at-grade systems is increased vadose zone thickness. However, they are also more prone to fluctuations in temperature and soil moisture that could strongly affect pathogen removal (Verma, 2008; Motz et al., 2011) .
For soil-based wastewater treatment systems, the Alberta Safety Code Council developed regulations including a minimum vertical separation required between a point of effluent infiltration and a water table or an impervious layer (Safety Code Council, 2012) . The vertical separation considers the quality of the effluent and the depth of unsaturated soil required to achieve effective treatment over a 7-d period. For primarytreated (e.g., from septic tanks) and secondary-treated effluents (e.g., from wastewater treatment plants), the recommended vertical separation between the infiltration surface and the water table is 1.5 and 0.9 m, respectively. Similar regulations are also available in other provinces of Canada. However, especially in Alberta (Durnie, 2008) , these regulations have not been verified using field measured data, and thus research was needed to determine a safe separation depth between the point of effluent entry and the groundwater.
The primary objective of this study was to better understand unsaturated wastewater flow and Escherichia coli transport processes through a soil-based wastewater treatment system at a site with shallow groundwater (<1.5 m). An in situ field-scale experimental approach was adopted using naturally existing biocolloids in the wastewater and nonreactive tracers under ambient surface boundary conditions of OWTS over shallow, but variable, water table elevations. In addition to applying a short pulse of bromide (Br) as a conservative tracer, we introduced a step impulse of untreated effluent (E. coli) by turning off a UV pretreatment system to better understand the transport processes and environmental risks associated with OWTS. A secondary objective of this work was to evaluate at-grade OWTS with respect to the existing guidelines and standards of practice and make recommendations for the design of effective at-grade OWTS in Alberta and similar regions.
Materials and Methods

Site Description, Characterization, and Instrumentation
The study was conducted at the Wetaskiwin highway rest stop (52°53¢43¢¢ N; 113°38¢33¢¢ W) operated by Alberta Municipal Affairs, located 80 km south of Edmonton, AB, Canada on Provincial Highway 2. The site is characterized by humid, warm to cool summers and severe winters with annual mean temperature ranging from +16°C to -12°C. The washroom facilities at the rest stop generated a daily average of 8.94 m 3 of wastewater (based on records between 2007 and 2011). Untreated sewage from the washroom facilities is first subjected to aeration, settling of solids, and fixed activated sludge treatment (FAST). Wastewater emerging from these treatments is run through a UV disinfection system and then applied to a 1.5-ha forested treatment field approximately 180 m to the east of the washroom facilities via a total of 15 at-grade lines made of 3.175 cm i.d. polyvinyl chloride (PVC) distributed in groups of four or five lines. These lines have randomly oriented orifices spaced at 50 cm and were covered by dome-shaped Quick4 standard chambers (width = 0.85 m and height = 0.31 m; Infiltrator Systems Inc., 2006). A 15-cm layer of wood chips on top of the dome-covered lines acts as insulation. At the start of this study, wastewater from the system described above had been applied to the soil surface for 4 yr. The soils within the wastewater treatment field at the site are classified as Mollisols with average sand silt and clay contents of 43, 34, and 23% respectively (CV ranging between 23 and 27%; N = 63).
Details about characterization of groundwater flow direction and magnitude, as well as instrumentation to monitor meteorological variables, groundwater elevations, and wastewater application rates are available in Weldeyohannes et al. (2016) . The meteorological variables were collected from an on-site meteorological station (daily solar radiation, rainfall [tipping bucket and rain gauge], wind speed and direction, relative humidity, and air temperature), and potential evapotranspiration was calculated from the weather data by the Penman Montieth method (Allen et al., 1998) for the days when the air temperature was ≥5°C. The regional geology of the site is characterized by upper surficial deposit (~30 m thick) composed of glacial deposits, till, clay, silt, sand, and gravel, underlain by deposits of shale, sandstone, and coal (<2-5 m thick). In summary, the general direction of groundwater flow at the site is southwest to northeast, and the average horizontal flux measured over the course of the transport experiments documented in this paper was 0.5 cm d −1 (gradient 0.014; average saturated conductivity = 38 cm d -1
). Flow and transport investigations focused around a group of four wastewater application lines in the north end of the treatment field, upgradient and at least 30 m away from other wastewater lines. As part of the site characterization, the spatial uniformity of wastewater application through the at-grade lines was assessed by removing woodchips and infiltration chambers. Wastewater from the lines was not collected or handled due to biosafety concerns, but visual inspection confirmed that all orifices were functional and the flow from each orifice appeared similar. At this time, 12 nests of seven vertically oriented time domain reflectometry (TDR) moisture probes (10, 25, and 50 cm in length, directly below the line, and pairs of 25 and 50-cm probes 1 m on either side of the line) were installed along each of the four wastewater lines. The infiltration chambers and wood chips were then replaced.
A transect of 10 nests of three monitoring wells (N = 30) oriented approximately perpendicular to the wastewater lines but oriented in the same direction as groundwater flow was established in summer 2011 (Fig. 1) . The orientation of the wastewater lines, monitoring well transect, and groundwater elevation contours is shown in Fig. 1 . Monitoring wells (MWs) were constructed with 5.08/6.03 cm (i.d./o.d.) PVC installed into 10.16-cm bore hole drilled using motorized auger backfilled with sand filter to 30 cm above the screen and then bentonite. The MW nests were numbered sequentially from 1 to 10 starting at the southwest end of the transect. In each nest, three MWs provided point measurements centered at 0.94, 1.29, and 1.55 m below the ground surface, and these depths were denoted with the letters A, B and C, respectively (Fig. 1) . Thus, the horizontal position of the well is denoted with a number (1 through 10) and depths are denoted with a letter (A, B or C). The shallowest MW (0.94 m) was screened over a 0.5-m interval, and the other two were screened over a 0.25-m interval. The wells were developed by purging every 2 d for 1 wk.
Application of Bromide and Escherichia coli for Transport Experiments
Transport experiments were executed at the site using two tracers: Br as a nonreactive tracer and wastewater containing E. coli without UV treatment as a biocolloid tracer. On 27 July 2011, Br in the form of CaBr 2 and KBr was added to wastewater storage tank feeding the four at-grade wastewater application lines above the MW transect to bring up the wastewater concentration to 2 g Br -L -1
, well above natural background concentrations and high enough to ensure detection in groundwater samples. Application of the Br-spiked wastewater to the soil was controlled by the on-site control system that distributed wastewater to the laterals according wastewater supply, which is a function of the intensity of facility (washroom) usage. Following each application of wastewater from the storage tank that was spiked with Br, fresh Br-free wastewater was allowed to flow into the tank and mixed by a recirculating pump system. This resulted in the Br being applied as a temporally distributed pulse having an exponentially decreasing concentration. The concentration of the Br in the source tank was monitored over 5 d to verify this behavior, and it was observed that it took 3 d for the Br concentration in the wastewater source tank to be reduced to 1% of the concentration immediately after Br was added (2 g L -1
). In total, 41 g Br m -2 was applied to the infiltration area (97.6 m 2 ) under the wastewater application lines and a maximum loading rate of 9.26 m 3 d -1 (avg. 2.49 m 3 d -1 ). Two days later, on 29 July 2011, the UV disinfection system was turned off and non-UV disinfected wastewater was applied to the infiltration field for a period of 14 wk (29 July to 6 Nov. 2011). Average effluent flux density was 2.55 cm 3 cm -2 d -1 on the study period.
Groundwater Sampling and Laboratory Analysis
Two days before and at weekly to biweekly intervals for 1 yr following the Br application, water samples were collected from the wastewater source tank and the MWs. The samples were analyzed for Br, E. coli, total coliforms, electrical conductivity, and pH. Additional groundwater and effluent samples were also collected for routine analysis (major cations, anions including nitrate and nitrite, hardness, alkalinity and TDS) four times: two before and two after Br injection. A total of 1596 groundwater and effluent samples were collected for chemical and microbiological analyses.
American Society for Testing and Materials standards related to environmental site characterization (ASTM, 2006) were followed as a quality control and quality assurance protocol in our field instrumentation, sampling, and monitoring program. The groundwater samples were collected from the MWs using dedicated tubing with a foot valve for each well to ensure no cross-contamination. Two days before every sampling date, the elevation of the water level in the well was measured using a Solinst water level meter. In every sampling date, a blank sample (deionized water) was included. Overall American Society for Testing and Materials sampling protocol was followed.
Results and Discussion
Groundwater Dynamics during Transport Experiments
A 2-yr time series of rainfall, estimated reference evapotranspiration (ET), effective surface water flux in the treatment field (wastewater application + rainfall -ET), and the average depth to groundwater under the treatment field is presented in Fig. 2 . In general, the water table elevation at the site shows a strong seasonal pattern reflective of the regional water balance and wastewater applications. The water table rises during spring snowmelt infiltration when vegetation is still dormant (negligible ET) and falls during autumn and winter when most precipitation is in the form of snow. During the summer months (May-September), the groundwater table responds to rainfall events and surface wastewater applications, especially during holiday weekends. Application of the first Br pulse and wastewater without UV treatment occurred when the water table was within 0.2 to 0.4 m of the soil surface, before a steady recession starting at the end of August 2011 (Fig. 2) .
Overview of Bromide Transport and Comparison to Distribution of Nitrate and Nitrite
The spatial distribution of nitrate-N (NO 3 --N) and nitrite-N (NO 2 --N) below the source zone was considered to determine the impact of the wastewater on groundwater, to verify wastewater plume movement and groundwater fluctuation. , respectively. Thus, the relatively high nitrate/ nitrite concentration in the groundwater compared with the wastewater suggests accumulation of N below the wastewater application lines. Consistent with hydraulic gradient measurements, the spatial distribution of these N species in the groundwater below the wastewater sources lines indicates the horizontal groundwater flow direction is from southwest to the northeast (from negative to positive X coordinates in Fig. 3) .
The first groundwater sampling date following Br application was on 31 July 2011, and Br was detected in Wells 3C, 5A, 6A, 7A, 7B, 7C, and 8A ( Fig. 1 and 3) . A groundwater Br plume appeared to grow radially from Wells 3A and 5A in August and September 2011. The water table continued to recede over the fall and winter months such that only the deepest wells of Nests 5 through 10 could be sampled in March 2012 (Fig. 2) . By May 2012, the water table had risen and Br was measured in all of the MWs except those in Nests 1 and 2 (Fig. 3d) .
The Br mass recovery was estimated as 14, 19, 31 g Br m spring snowmelt increased the mass in groundwater Br after the spring water table rise to a greater extent than a decrease in mass as a result of transport of Br beyond the northeastern most MWs. Strong evidence suggests that the spatial and temporal variability of vadose zone thickness and wastewater application rates explains the spatial variability in Br travel times to the MWs. On 27 July, the thickness of the vadose zone above wells in Nests 5, 6, and 7 was approximately 20 cm and increased to 50 cm as the water table receded between 27 July and 31 July 2011. Over this short period, however, the effective surface water flux (wastewater application + precipitation -ET) was equal to 24 cm (Weldeyohannes et al. 2016) . The average measured water content with TDR probes was 0.48 cm 3 cm -3 (CV < 5%), suggesting a vertical, one-dimensional piston flow travel depth of 50 cm over these 4 d. Bromide was not detected in other locations of the MW transect during this period, except Well 3C, because the thickness of the vadose zone between wastewater lines and the MWs was large enough that the rate of the recession of the water table was equal to or greater than the transport velocity of the Br. The reason for early breakthrough of Br in Well 3C before shallower wells in that nest may be a result of preferential flow, but we did not observe any obvious preferential flow paths.
Escherichia coli Transport
Between July 2011 and July 2012, Br was detected in more than 90% of the MWs, but E. coli was only detected in 30% of the MWs. We detected E. coli only in MW Nests 5, 6, and 7, where, as mentioned above, early Br breakthrough was also observed (Fig. 3) , and in these wells, the early arrival times for Br and E. coli were similar, indicating similar travel times for both E. coli and Br for these MWs. Estimated E. coli loading rates, depth to groundwater and E. coli and Br breakthrough curves for the wells in Nest 5 for the period between July and December 2011 are presented in Fig. 4 . Due to the recession of the water table, the shallowest well in this nest became dry by October 2011, but in the deeper wells, it is important to note that the decrease in Br concentrations at late times are likely because Br was applied as a pulse, whereas the concentration of E. coli decreased with time despite steady loading rates for a period of more than 14 wk. The decreased detection of E. coli in groundwater was likely associated with a vadose zone thickness of 0.9 m or greater.
The level of E. coli concentration in the untreated effluent ranged between 4 log to 5 log E. coli (most probable number [MPN] 100 mL -1 ), and loading rates ranged from 2.5 log to 4 log (MPN cm
). In the MWs, the highest E. coli concentrations coincided with the highest loading rates but were not greater than 2.5 log, showing at least a 50% reduction of E. coli between the soil surface and MWs. These findings indicated that approximately 2 log to 3 log E. coli (MPN 100 mL -1 ) had been attenuated in the unsaturated soil before reaching the groundwater (Fig. 4) .
Cumulative probability distribution functions of E. coli concentrations in the wastewater and surface loading rates with and without UV disinfection are given in Fig. 5 . This figure suggests that the performance of the UV disinfection system appeared to be dependent on the intensity of facility use. Only one measurement of E. coli concentration was taken in July 2011 before shutting off the UV disinfection system, but this concentration was within the range of concentrations measured while the UV disinfection system was shut off. The UV system was turned back on 6 Nov. 2011, and there was a substantial decrease in E. coli concentrations over the fall and winter, but they increased close to untreated levels again in spring 2012 when a greater number of travelers were using the facilities, which would also increase wastewater applications to the treatment field. In terms of loading rates, approximately 18% of the loading rates estimated when the UV system was active were within the range of loading rates estimated when the UV system was shut off. The most likely reason for this result is the positive relationship between facility use, wastewater production, and surface effluent application rates. When the facilities are used more frequently, more wastewater is generated, and it appears that the UV disinfection system is less efficient during these times. Thus, risk of groundwater contamination with E. coli is high during times of intensive facility usage for two reasons: (i) the increased volume of wastewater production is associated with increased surface applications of wastewater, causing the water table to rise (decrease vadose zone thickness); and (ii) the effectiveness of pretreatment and the UV treatment at reducing E. coli loads in the wastewater is related negatively to wastewater volume. For UV disinfection systems, increased effluent volume would likely reduce contact time of the effluent and the UV lamps, which likely reduces exposure time of the microorganisms (e.g., USEPA, 1999).
Even though E. coli and Br showed similar initial breakthrough, E. coli was detected earlier than Br in Well 5B despite the fact that the UV system was shut off 2 d after the Br was applied (Fig. 4c) . However, because it appears that high loading rates are possible during periods of intensive facility use even when the UV disinfection system is on, and because vadose zone thickness was only approximately 0.2 to 0.4 m thick for 1 wk prior to the Br application, it may be that E. coli observed at early times was from effluent applied before UV system shutoff. Nevertheless, an early breakthrough of E. coli compared with conservative tracers was reported in previous studies that were conducted in intact soil column and lysimeter experiments (Shelton et al., 2003; Guber et al., 2005; Levy et al., 2007; Pang et al., 2008) . This velocity-enhanced transport of E. coli was believed to be a result of saturated flow conditions, size exclusion, and preferential pathways in structured soils (Shelton et al., 2003) . Microbes such as E. coli were also believed to utilize the mobile portion of the soil water, whereas that of Br may include the immobile phase as well (Pang et al., 2008) .
Conclusion
The travel times of a bromide tracer and E. coli biocolloids to water table were most likely related to vadose zone thickness, which is determined by the interaction between boundary conditions and soil hydraulic properties. At this site, the temporal distribution of surface wastewater applications and seasonal water balance are the primary boundary conditions driving temporal variations in vadose zone thickness, which varied between 0.2 and 1.5 m over 2 yr of observation. The surface soil volumetric water content measurements under the wastewater application lines was near saturation during peak facility use and is a reflection of surface water fluxes (i.e., wastewater application plus precipitation) up to 3 to 10 cm d ). Our observations also reinforce the importance of vadose zone thickness with respect to mitigation of E. coli. In wells where E. coli was detected, the levels of detection decreased dramatically (below detection limits) when the vadose zone was ≥0.9 m thick even without UV disinfection prior to wastewater application, which corresponds to the minimum vadose zone thickness recommended in regulatory guidelines (Safety Code Council, 2012) . Therefore, it would appear that existing regulations for OWTS sites are sound when applied to this and similar sites.
As shown in Weldeyohannes et al. (2016) , the risk of groundwater contamination is a function not only of vadose zone thickness but also of the coincidence of high water tables and high wastewater application rates. They estimated these high-risk conditions occurred about 15% of the time over the same 2 yr of observations; it should be noted that this transport experiment was initiated during one these high-risk periods. Further, their analysis was based on the estimation of weekly travel depths using observed wastewater application rates and measured volumetric water contents. The data presented here suggest that the soil transport volume available to E. coli may be less than the measured volumetric water content because E. coli was detected in MWs prior to Br. While wastewater application rates at sites such as the one investigated here can be managed through increased storage or through increasing the area over which wastewater is applied, the influence of other factors affecting vadose zone thickness, such as rainfall and ET, must be assessed through longer-term observations and/or the use of calibrated hydrological and transport models. Therefore, it is recommended that detailed knowledge of vadose zone and groundwater hydrology be used to guide the design of OWTS systems and also to assess the probability of human exposure to E. coli and other pathogens that are transported to groundwater.
